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The mitomycin C inducible prophage SF370.1 from the highly pathogenic M1 serotype Streptococcus pyogenes isolate
SF370 showed a 41-kb-long genome whose genetic organization resembled that of SF11-like pac-site Siphoviridae. Its closest
relative was prophage NIH1.1 from an M3 serotype S. pyogenes strain, followed by S. pneumoniae phage MM1 and
Lactobacillus phage phig1e, Listeria phage A118, and Bacillus phage SPP1 in a gradient of relatedness. Sequence similarity
with the previously described prophages SF370.2 and SF370.3 from the same polylysogenic SF370 strain were mainly limited
to the tail fiber genes. As in these two other prophages, SF370.1 encoded likely lysogenic conversion genes between the
phage lysin and the right attachment site. The genes encoded the pyrogenic exotoxin C of S. pyogenes and a protein sharing
sequence similarity with both DNases and mitogenic factors. The screening of the SF370 genome revealed further
prophage-like elements. A 13-kb-long phage remnant SF370.4 encoded lysogeny and DNA replication genes. A closely
related prophage remnant was identified in S. pyogenes strain Manfredo at a corresponding genome position. The two
prophages differed by internal indels and gene replacements. Four phage-like integrases were detected; three were still
accompanied by likely repressor genes. All prophage elements were integrated into coding sequences. The phage se-
quences complemented the coding sequences in all cases. The DNA repair genes mutL and mutS were separated by the
prophage remnant SF370.4; prophage SF370.1 and S. pneumoniae phage MM1 integrated into homologous chromosomalINTRODUCTION
The ease and low cost of phage sequencing, com-
bined with the extensive knowledge on model phages,
could give phage genomics a lead role in population
genetics, the evolution of simple DNA genomes, and the
modeling of a realistic DNA sequencing space (Bru¨ssow
and Hendrix, 2002). Unfortunately, at the time of this
writing the phage database comprises just about 100
complete phage genome sequences. This amount of
phage sequences is small (5.4 Mb) in comparison with
sequences obtained for eukaryotic viruses (121 Mb) or
cellular forms of prokaryotic life (366 Mb). One under-
used source for phage sequences are bacterial genome
projects. When published bacterial genomes were
screened for prophage sequences, approximately half of
them scored positive (Lawrence et al., 2001). In highly
prophage-infested bacterial genomes such as Esche-
richia coli O157 (Ohnishi et al., 2001), Lactococcus lactis
(Chopin et al., 2001), and Streptococcus pyogenes (Fer-
retti et al., 2001), up to 8% of the bacterial chromosome
consisted of prophage sequences. The scientific value ofthese prophage sequences goes beyond their potential
to increase (double?) the content of the current phage
database and to correct a bias of the phage database
which is dominated by sequences from phages of lactic
acid bacteria and E. coli (Bru¨ssow and Desiere, 2001).
These prophage sequences allow in fact a first insight
into the evolution of phage–host genome interactions at
a molecular level. The analysis of prophages in se-
quenced E. coli strains suggested, for example, that
prophages played an important role in the evolution of
this species. Genomic comparison between the patho-
genic E. coli strains O157 EDL933 and the laboratory E.
coli strain K12 revealed 4.1 Mb of common chromosome
backbone sequence, 1.3 Mb of O157-specific DNA, and
0.5 Mb of K12-specific DNA (Ohnishi et al., 2001). Ap-
proximately half of the O157-specific DNA was prophage
DNA. In addition, prophages from E. coli O157 strains
encoded important virulence factors for the pathogen
(e.g., Shiga-like toxin, serum resistance factors, superox-
ide dismutases). This is not an isolated case. Salmonella
typhimurium, another important food pathogen, pos-
sesses a variable assortment of prophages which ap-
parently represent a transferable repertoire of patho-All rights reserved.locations. The prophage sequences were interpreted with
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Salmonella was demonstrated by inactivation studies of
selected prophage genes in mice (Figueroa-Bossi and
Bossi, 1999).
Our group is interested in phages from gram-positive
bacteria. We decided to address questions of prophage
genomics with S. pyogenes, one of the most important
bacterial pathogens for humans. The invasive S. pyo-
genes M1 strain SF370 has been completely sequenced
and contains numerous prophage elements (Ferretti et
al., 2001). Another strain is currently being sequenced at
the Sanger Center and this Manfredo strain contains
even more prophage DNA. Two prophages from the
SF370 strain have undergone a detailed bioinformatic
analysis. Prophage SF370.3 showed a 33-kb-long ge-
nome that closely resembled the genome organization of
the cos-site temperate L. lactis phage r1t (Desiere et al.,
2001). Analysis of the prophage genome revealed prob-
ably inactivating mutations in the replisome organizer
gene. SF370.3 encodes a hyaluronidase and a DNase
possibly implicated in the spreading of S. pyogenes
through tissue planes of its human host. Prophage
SF370.2 showed a 43-kb-long genome that resembled
the genome organization of pac-site temperate Siphoviri-
dae infecting dairy bacteria. SF370.2 showed two inacti-
vating mutations (one in the replisome organizer gene
and another in the gene encoding the portal protein) and
four DNA insertions into the prophage DNA (Desiere et
al., 2001).
In the current article, we analyzed the only SF370
prophage that could be induced by mitomycin C treat-
ment, prophage SF370.1, and several likely prophage
remnants that showed various degrees of prophage ge-
nome loss. We interpret the genomics data in view of
hypotheses that predicts both mutualistic aspects of
phage-bacterial genome interaction and an arms race
between a parasitic and the host DNA genome (Bru¨ssow
and Hendrix, 2002; Desiere et al., 2001; Lawrence et al.,
2001).
RESULTS
Genome analysis of prophage SF370.1
A mitomycin C inducible prophage was located at bp
coordinates 529591 to 570509 (Spy655 to Spy713) in the
1.85-Mb-long genome sequence of the serotype M1/sub-
type emm1 invasive S. pyogenes strain SF370 (Fig. 1).
The deduced gene map of the 40.9-kb-long prophage
SF370.1 closely resembled that of pac-site temperate
Siphoviridae from the proposed SF11-like phage genus
(Bru¨ssow and Desiere, 2001).
The four leftmost genes (ORF 1 to 4) comprised the
lysogeny module with the likely gene order: integrase-
superinfection immunity-cI repressor-cro repressor (Fig.
1, Table 1). This gene order and the divergently tran-
scribed repressor genes are typical for the genetic
switch region of temperate Siphoviridae from low GC-
content gram-positive bacteria (Lucchini et al., 1999). The
integrase belonged to the resolvase type of recombi-
nases.
In all temperate pac-site phages from lactic acid bac-
teria the replication module follows the lysogeny module
(Bru¨ssow, 2001). This is also the case for prophage
SF370.1 (Fig. 1, Table 1). Database and motif searches
identified nine genes as likely members of a replication
module. ORF 19 and ORF 20 demonstrated significant
links with early genes from S. thermophilus phages as-
sociated with transcriptional regulation (Ventura et al.,
2002). As in many dairy phages these regulatory genes
were located between the DNA replication and morpho-
genesis modules.
The structural gene cluster from temperate phages of
lactic acid bacteria shares a strikingly similar gene order
with lambdoid coliphages (Desiere et al., 1999). Accord-
ing to that synteny argument ORF 22, 23, 24, and 25 in
SF370.1 were predicted to encode the small and large
subunit of the terminase complex, the portal, and a
minor head protein, respectively (Bru¨ssow and Desiere,
2001). Significant sequence matches with corresponding
phage structural proteins confirmed the predictions (Ta-
ble 1, Fig. 1). As in many other temperate phages from
low GC content gram-positive bacteria, the major head
and major tail genes were separated by a group of four
small genes. The diagnosis of likely head-to-tail joining
genes was based on the synteny argument with phage
lambda and sequence similarity with proteins from
phages infecting lactic acid bacteria (Table 1) encoded at
corresponding genome positions (most impressively
with phages phiNIH1.1 and MM1, Fig. 2A). SF370.1 genes
FIG. 1. Prophage elements in S. pyogenes strain SF370 and the gene map of the only inducible prophage SF370.1. (Bottom) Location and relative
size (in kb) of prophages SF370.1 to SF370.4 still flanked by putative attachment sites and prophage remnants (defined by the SPy gene number of
the phage-like integrase genes) on the S. pyogenes strain SF370 genome map. The putative origin and terminus of the DNA replication of the SF370
genome was defined by the orientation of the majority of the predicted open reading frames which is clockwise on the right side and counterclockwise
on the left side. The 5 to 3 orientation of the integrase gene was indicated by an arrow. Note that the structural phage genes are located on the
opposite strand of the integrase gene and thus for all but one prophage elements the structural genes are in the orientation of the majority of the
bacterial genes. (Top) Genetic map of the S. pyogenes prophage SF370.1. Open reading frames were depicted when they exceeded 60 codons in
length and when they started with an ATG codon. The genes were numbered from 1 to 49 (see details in Table 1). Genes likely to belong to the same
module were marked with the same color code. The top line provides a scale in bp; the next line represents the GC content. Below the gene map
are annotations to some genes. The dark gray, hatched, and light gray blocks at the bottom locate regions of sequence similarity at the aa level with
Listeria phage A118, S. thermophilus phages, and Lactobacillus phage phig1e, respectively. The bottom line provides the likely borders of the
indicated modules.
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TABLE 1
Bioinformatic Analysis of the Genes from the S. pyogenes Prophage SF370.1
ORF Start Stop
Proposed
function Best match (% aa id)
logE
value Comments
1 1454 39 Integrase INT [phage TP901-1] (42%) 2e98 (AF124258) Site-specific integrase [phage phi-
FC1] (30%), (AJ242593) putative integrase
[phage A118] (34%), (AB014436) cassette
chromosome recombinase B
[Staphylococcus aureus] (29%)
2 1940 1575 Immunity Unknown [phage TPW22] (67%) 2e18 ORF2 [S. thermophilus phage O1205] (40%),
ORF2[MM1] (42%)
3 2728 1967 cl Repressor homolog
[Staphylococcus aureus subsp.
aureus Mu50] (32%)
6e22 Phage ETA repressor (31%)
Repressor [phage bIL286] (45%)
refNP_267586.1 prophage pi3 protein 57, cl-
like repressor [Lactococcus lactis] (45.26%)
4 2912 3142 cro Prophage pi3 protein 56, cro-like
repressor [Lactococcus lactis]
(64%)
3e18 Repressor [phage bIL286] (64%)
Prophage pi3 protein 56 [Lactococcus lactis]
(64.47%)
Cro protein [Lactobacillus casei phage A2]
(56%)
5 3211 3348
6 3350 3475
7 3472 3699
8 3699 5018 NTP binding Purine NTPase [Methanococcus
jannaschii] (19%)
3e04 Chromosome segregation SMC protein, putative
[Thermotoga maritima] (20%)
Conserved hypothetical protein [Thermotoga
maritima] (22%)
DNA repair protein recn (recN)
RP182—Rickettsia prowazekii (25%)
9 5033 6124 NTP binding ORF233 gp [S. thermophilus
phage Sfi19] (29.61%)
0.012 gp233 [S. thermophilus phage Sfi11] (29.61%)
ORF9 [S. thermophilus phage O1205] 28.67%
10 6164 6586 Replication? ORF16 [MM1] (60.56%) 8e40
11 6588 7322 Replication? ORF17 [MM1] (60.91%) 3e78
12 7344 7979
13 7979 9562 Helicase DEAH box family helicase
[Schizosaccharomyces pombe]
(33%)
1e41 Hypothetical protein YDR332w—yeast
(Saccharomyces cerevisiae) (31%)
Putative ATP-dependent helicase [Escherichia
coli] O157:H7 (33%)
Putative DEAH-family helicase [Lactobacillus
phage phi adh] 28.06%
14 9572 10,201 rep ORF78 [Pseudomonas phage D3]
(34%)
1e29 Hypothetical protein [Lactobacillus phage phi
adh] (45%)
P46 [phage APSE-1] (47%)
Rorf232 [phage phig1e] (38%)
15 10,191 12,464 Helicase Helicase-like protein
[Acidithiobacillus caldus] (28%)
2e06 Unknown protein [Mesorhizobium loti] (25%)
Putative DNA helicase [uncultured eubacterium]
(25%)
Replication protein A [Plasmid pTF-FC2] (25%)
YabA [Photorhabdus luminescens] (24%)
Hypothetical protein [Xylella fastidiosa 9a5c]
(22%)
16 12,742 12,960 Hypothetical protein ORF18 [MM1]
(64.29%)
8e19
17 12,953 13,348 Resolvase ORF129 [Lactococcus lactis
phage ul36] (33%)
1e10 ORF14 [phage r1t] (32%)
Unknown [Lactococcus phage BK5-T] (32%)
RusA [phage bIL285] (32.41%)
Putative resolvase [phage Tuc2009] (31%)
18 13,345 13,566
19 13,843 14,478 Regulation? ORF22 [phage r1t] (37%) 4e40 ORF230 [phage phi3.1] (36%)
gp66 [S. thermophilus phage Sfi11] (66%)
orf67 gp [S. thermophilus phage Sfi19] (66%)
20 14,751 15,185 Regulation? ORF24 [S. thermophilus phage
O1205] (48%)
5e27 gp137 [S. thermophilus phage Sfi11] (48%)
Phage-related protein [Bacillus halodurans]
(24%)
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TABLE 1—Continued
ORF Start Stop
Proposed
function Best match (% aa id)
logE
value Comments
21 15,495 16,661 Transferase BH3535unknown [Bacillus
halodurans] (39%)
1e88 Hypothetical protein [MM1] (44.30%)
Adenine methyltransferase [phage PhiCh1]
(23%) orf26 gp
22 17,004 17,480 terS? Hypothetical protein orf 28 [MM1]
(30.85%)
6e80
23 17,563 18,774 terL Terminase large subunit
[Lactobacillus johnsonii
prophage Lj965] (24%)
4e14 Putative large subunit terminase [phage phi
ETA] (31%)
Putative large terminase subunit orf 29 [MM1]
(22.18%)
Putative terminase large subunit [phage A118]
(26.07%)
24 18,788 20,290 Portal Putative minor capsid protein 1
ORF 30 [MM1] (63.41%)
1e64 Minor capsid protein R508—Lactobacillus
phage phi-gle (42%)
Minor structural protein gp61 [phage LL-H]
(36%)
Putative portal protein [phage A118] (33%)
25 20,295 21,788 min. capsid Hypothetical protein ORF 32
[MM1] (50.13%)
1e104 gp4 [phage A118] (29%)
Unknown protein [phage LL-H] (29%)
Minor capsid protein R347—Lactobacillus
phage phi-g1e (28%)
26 21,788 22,015
27 22,102 22,368
28 22,494 23,108
29 23,112 23,930 Major head MHP [phage TP901-1] (51%) 1e69 Major head protein [phage phi ETA] (49%)
Major structural protein 4 [phage Tuc2009]
(50%)
30 23,984 24,400 Hypothetical protein ORF 35
[MM1] (49.63%)
3e27
31 24,390 24,722 Putative minor capsid protein 2
[MM1] (42.24%)
2e16
32 24,722 25,078 Minor capsid Putative minor capsid protein 3
[MM1] (35.65%)
4e15 Unknown protein [phage LL-H] (38%)
Minor capsid protein R117b—Lactobacillus
phage phi-gle (31%)
33 25,075 25,473 Minor capsid Putative minor capsid protein 4
[MM1] (43.85%)
2e28 Minor capsid protein R135 [phage phig1e] (33%)
34 25,473 25,868 Major tail Putative major tail shaft protein
[MM1] (70.77%)
9e50 Major tail shaft protein [phage A118] (44%)
Capsid protein [phage phig1e] (28.18%)
35 25,997 26,431 Hypothetical protein [MM1]
(53.90%)
2e38
36 26,435 27,016 Hypothetical protein [MM1]
(51.56%)
1e46 gp15 [phage A118] (31%)
Hypothetical protein R198—Lactobacillus
phage phi-g1e (25%)
37 27,006 30,266 Tail tape
measure
Putative minor tail protein [MM1]
(58.93%)
0 Hypothetical protein 40—S. thermophilus phage
phi-O1205 (30%)
Probable minor tail protein gp1510—S.
thermophilus phage
Sfi11 (26%) hypothetical protein [Staphylococcus
aureus subsp. aureus Mu50] (25%)
38 30,263 30,979 ORF53 [phage bIL285] (24%) 2e12 Prophage pi2 protein 43 [Lactococcus lactis]
(24%)
Unknown [S. mitis phage SM1] (30%)
Hypothetical protein [Lactobacillus phage phi
adh] (22%)
39 30,976 33,120 Hypothetical protein [Lactobacillus
phage phi adh] (29%)
3e22 Endopeptidase [phage bIL285] (23%)
PblB [S. mitis phage SM1] (19.68%)
40 33,117 34,130 Hyaluronidase Hyaluronidase [Streptococcus
pyogenes phage H4489A]
(62.80%)
1e106
41 34,145 36,031 ORF [Streptococcus pyogenes
phage H4489A] (38.58%)
1e106 BH0962–unknown conserved protein in others
[Bacillus halodurans] (27%)
ORF977 [Lactobacillus johnsonii prophage
Lj965] (31%)
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34 to 37 occupy the gene map position of the lambda
major tail gene V, tail genes G and T, and the tail tape
measure gene H, respectively. For all putative tail genes,
sequence-related phage phiNIH1.1 and MM1 genes
were identified at identical genome position (Fig. 2A).
ORFs 38 to 41 are likely tail fiber genes. The diagnosis
was made on the basis of database matches with phage
proteins annotated as tail fiber components. ORF 40
encodes a hyaluronidase which might play a role in the
pathogenesis of streptococcal infections (Halperin et al.,
1987). ORFs 45 and 46 make up the lysis module predict-
ing a holin and a lysin gene, respectively.
ORFs 47 and 48 differ from the rest of the SF370.1
genome in three respects. First, the two genes are as-
sociated with a clear drop in the GC content of the
prophage genome (Fig. 1), suggesting the acquisition of
this sequence from bacteria outside of the lactic acid
bacteria/Bacillus branch. Second, both genes are tran-
scribed from the opposite strand, unlike the vast majority
of the prophage genome. Third, these genes encode a
proven and a suspected virulence factor of S. pyogenes.
ORF 47 gp differed from the previously described pyro-
genic exotoxin C from S. pyogenes at a single amino acid
(aa) position. ORF 48 gp encodes a protein with se-
quence similarity to both DNase and mitogenic factors
(Table 1).
Comparative genomics of SF370.1 prophage:
A gradient of relatedness
When taking prophage SF370.1 as a reference point,
we observed a gradient of relatedness to other phage
sequences. This gradient reflected approximately the
evolutionary distances separating their bacterial hosts.
The closest relative of prophage SF370.1 was prophage
NIH1.1 (Ikebe, T., Wada, A., Inagaki, Y., Sugama, K.,
Tanaka, D., Suzuki, R., Tamaru, A., Fujinaga, Y., Abe, Y.,
and Watanabe, H., GenBank Accession No. NC_003157)
infecting a distinct (serotype M3/T3/subtype emm3.1) S.
pyogenes strain isolated from a Japanese patient with
toxic shock-like syndrome (Inagaki et al., 2000). Both
phages shared a large cluster of closely related genes,
starting with the large subunit terminase and ending with
the lysin gene, thus covering essentially the entire late
gene cluster (Fig. 2A). Amino acid sequence identity was
very high (68 to 100% aa identity). Both prophages could
also be aligned at the DNA sequence level over about
the rightmost two-thirds of their genomes (data not
shown).
The next related phage to SF370.1 was the temperate
pac-site S. pneumoniae phage MM1 (Obregon, V., Gar-
cia, P., Garcia, E., Lopez, R., and Garcia J. L., GenBank
Accession No. NC_003050). S. pneumoniae belongs to
the oralis group while S. pyogenes belongs to the pyo-
TABLE 1—Continued
ORF Start Stop
Proposed
function Best match (% aa id)
logE
value Comments
42 36,043 36,474 Serine-rich protein
43 36,477 37,094 Unknown [S. mitis phage SM1]
(23%)
2e05
44 37,104 37,379
45 37,376 37,603 Holin Putative holin [S. thermophilus
phage Sfi19] (58.90%)
7e20 Putative holin [S. thermophilus phage DT1]
(45%)
ORF43 [S. thermophilus phage 7201] (50%)
Probable holin—S. thermophilus phage O1205
(45%)
46 37,719 38,921 Lysine ORF39 [phage phi-105] (41%) N-acetylmuramoyl-L-alanine amidase homolog
yubE—Bacillus subtilis (33%) N-acetyl
muramidase [Leuconostoc citreum]
(40%) polar FlgJ flagellar homolog [Vibrio
parahaemolyticus]
(39%) cell hydrolase Ply187 [phage phi ETA]
(28%) cell wall
Hydrolase Ply187 [Staphylococcus phage 187]
(32%)
47 39,696 38,989 speC Pyrogenic exotoxin C [S. pyogenes
s. T1M1] (99%)
1e117 Pyrogenic exotoxin C [S. pyogenes s.D976]
(99%)
48 40,565 39,807 Dnase? mf3 [S. pyogenes M1 GAS] (57%) 6e72 Hypothetical protein [Lactococcus lactis]
(46.25%)
Membrane nuclease [S. pneumoniae] (27%)
streptodomase [S. pyogenes] (27%) putative
competence associated membrane nuclease
[S. pyogenes M1 GAS] (38%)
49 40,877 40,918
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genes group of streptococci. Over the likely DNA pack-
aging genes, the putative head-to-tail joining and the tail
genes the two phages shared protein sequence identity,
while the major head genes from the two phages were
unrelated. Both phages could still be aligned at the
DNA sequence level (data not shown). However, the
degree and extent of DNA sequence similarity was
lower than that observed between the two S. pyogenes
prophages. The DNA similarity was limited to two genes
from the DNA replication module (ORFs 10, 11), the portal
and a minor head protein (ORFs 24, 25), and a larger
cluster of genes around the major tail gene (ORF32 to
ORF37).
Sequence similarities were also detected with phages
infecting increasingly distantly related bacteria: S. ther-
mophilus, Lactobacillus phage phig1e (Kodeira et al.,
1997), and Listeria phage A118 (Loessner et al., 2000).
However, similarities were only detected at the protein
level and were limited to isolated genome segments (Fig.
1, Table 1). With pac-site Siphoviridae from more distantly
related bacteria (e.g., Bacillus subtilis phage SPP1) pro-
phage SF370.1 shared a related modular organization
and a similar gene order over the structural module, but
no detectable sequence similarity.
Comparison with SF370.2 and SF370.3 prophages
Prophage SF370.1 showed a similar modular organi-
zation as prophages SF370.2 and SF370.3 (Fig. 2B) lo-
cated about 200 and 600 kb further downstream, respec-
tively, on the genome map of the same polylysogenic S.
pyogenes strain SF370 (Fig. 1). At the aa sequence level,
similarity between prophages SF370.1 and SF370.3 was
clustered over the entire putative tail fiber module and
the lysis cassette (Fig. 2B). A similar, but not identical
pattern of sequence relatedness was seen between
prophages SF370.1 and SF370.2. Notably, all three SF370
prophages shared the hyaluronidase and its surrounding
genes and demonstrated some sequence relatedness
for proteins encoded in the putative lysogenic conver-
sion region.
All three SF370 prophages shared scattered small
segments of DNA sequence similarity; this was most
prominent over the tail fiber region (data not shown). In
striking contrast, the three SF370 prophages shared no
DNA sequence relatedness over the DNA packaging and
head and tail genes. Notably, over this region each
SF370 prophage shared DNA sequence similarity with
distinct phages from other lactic acid bacteria: SF370.1
with S. pneumoniae phage MM1, SF370.2 with S. ther-
mophilus phage O1205, and SF370.3 with L. lactis phage
r1t (Desiere et al., 2001, and data not shown). Within S.
pyogenes prophages we can thus distinguish three dis-
tinct structural gene clusters each known from other
phages of lactic acid bacteria.
Prophage remnants
The screening of the SF370 genome revealed a further
prophage element located near the origin of replication
(bp position 1773348 to 1786897). This prophage rem-
nant SF370.4 covers only about 13 kb of phage-related
DNA. It lacked any structural phage genes, but was still
flanked by likely attL and attR sites (Fig. 3 and Table 2).
The prophage genome analysis demonstrated a lysog-
eny and a DNA replication module. cI- and cro-like re-
pressor genes were separated from a resolvase-like
phage integrase by an unusually long stretch of noncod-
ing DNA. The genetic switch is followed by two ant-like
repressor genes. After four ORFs without any database
match, three likely DNA replication genes were identi-
fied. The plasmid-like primase preceded a noncoding
AT-rich region suggestive of an origin of phage replica-
tion. From the following 7 ORFs only one showed a
match with an early gene from pac-site S. thermophilus
phages.
At an identical genome position a prophage sequence
of similar size was identified in the S. pyogenes strain
Manfredo (unfinished genome sequence at the Sanger
Center). Interestingly, it shared with SF370.4 a similar
gene map and nearly identical transition regions from
bacterial into phage DNA. Blocks of closely related DNA
sequences alternated with blocks of unrelated DNA; the
transition points were frequently close to gene borders
(data not shown). Differences covered indels (e.g., ant
genes), DNA replacements with homologous genes (e.g.,
primases), or new genes (e.g., “xis” gene candidate in
Manfredo vs noncoding DNA in SF370.4, Fig. 3).
The screening of the SF370 bacterial genome revealed
phage-like integrase genes in four other positions (Fig.
1). Remnant (R) contains only 1.7-kb DNA flanked by
putative attL and attR sites, suggesting a prophage that
suffered massive prophage DNA losses. It encodes in
addition to the phage integrase (Spy1930) two genes
with weak links to a repressor and the N-terminal do-
main of an Ant-repressor (data not shown). Three phage-
like integrase genes are not part of obvious prophage
elements. However, two of the phage integrases showed
still a phage-like repressor gene in their vicinity: Spy1092
int gene was linked with an S. pneumoniae phage-asso-
TABLE 2
Deduced Attachment Sites for the Different Prophage Elements
in S. pyogenes Strain SF370
Element att/bp att site sequence
SF370.1 16 CATGTACAACTATACT
SF370.2 50 TTGAGTTCTTCATTAATTTATTTTGTAATTTCTTGG-
AACAGTAGAGTTGC
SF370.3 20 TTAATAAATTGTCGCAGAAA
SF370.4 21 CAATAATGTTTGTCATAATTT
R1930 36 TTAACGTTTTGAGAATTGTGAAGCTTTACGAGCTTT
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ciated repressor gene (Spy1088) and the Spy1196 int
gene was associated with a gene related to a S. mutans
repressor (Spy1198).
Analysis of the integration sites
The integrases of the different SF370 prophages were
sequence-unrelated or shared less than 50% aa identity.
Not surprisingly they demonstrate distinct attachment
sites (Table 2) and integrated the prophage DNA into
distinct chromosomal sites (Fig. 4). However, all pro-
phages are integrated into coding sequences.
The left attachment site of SF370.1 prophage is located
136 bp downstream of the Spy0654 gene. Interestingly,
also S. pneumoniae phage MM1 integrated its DNA
downstream of the Spy0654 homolog in S. pneumoniae
(Gindreau et al., 2000). The 16-bp-long right attachment
site of SF370.1 is found within the pepD dipeptidase
gene. Prophage integration replaces the 10 N-terminal
aa from the dipeptidase and its promoter by phage-
specific sequences.
Prophage SF370.2 integrated into the very 3 end a
gene involved in the capsular polysaccharide synthesis
(cpsFQ, dTDP-glucose-4,6-dehydratase). The 50-bp-long
core sequence encoded a perfect match for the C-termi-
nal sequence of the enzyme. Similarly, prophage SF370.3
inserted into the very 3 end of the hlpA gene encoding
a histone-like DNA binding protein and the 20-bp-long
attR perfectly complemented the C-terminus of this pro-
tein.
Prophage remnant R1930 homed into the 3 end of the
rpsI gene encoding the small subunit ribosomal protein
S9. Once again, the 36-bp-long attachment site perfectly
reconstitutes the protein coding sequence. Prophage
SF370.4 was located in the 5 end of the DNA repair
gene mutL. The 21-bp-long attL site encodes the five
N-terminal aa of MutL. However, the prophage insertion
separates mutL from its promoter in front of the mutS
gene.
The prophage elements were not randomly distributed
on the SF370 genome map. Only 15 kb of prophage DNA
was found in the origin-half, while 120 kb of prophage
DNA was located in the terminator-half of the bacterial
chromosome. With a single exception the phage struc-
tural gene cluster was oriented as the majority of the
bacterial genes in the origin-to-terminator transcriptional
direction (Fig. 1).
DISCUSSION
To assure their ecological and evolutionary success,
prophages have to encode genetic functions that are of
selective advantage to the lysogenic host. Without these
genes, prophages represent only a burden to the cell
and will lead to the elimination of the lysogen from the
bacterial population and thereby to the loss of the pro-
phage (Bru¨ssow and Hendrix, 2002; Desiere et al., 2001;
Lawrence et al., 2001). One obvious group of prophage
genes with positive selective value is the phage immu-
nity functions. In temperate streptococcal phages immu-
nity functions come in two forms. A cI-like repressor
protects the cell against superinfection with temperate
phages sharing identical or related repressor DNA rec-
ognition sites (S. Foley, A. Bruttin, and H. Bru¨ssow, sub-
mitted for publication). Another form of immunity is me-
diated by a superinfection exclusion gene located di-
rectly upstream of the phage integrase gene (Bruttin et
al., 1997). Candidates for both genes were identified in
the inducible prophage SF370.1. cI-like repressor genes
were also identified in the two prophage remnants that
had lost large amounts of prophage DNA. Interestingly,
repressor genes were associated with two of the three
isolated phage-like integrase genes. This observation is
in line with theoretical predictions of deletion processes
as the answer of the cell against unwanted accumulation
of prophage DNA. At the same time it was also predicted
that phage genes giving selective advantage for the cell
are spared from this deletion process. The conservation
of repressor genes even in severely deleted prophage
elements from the SF370 cell supports this prediction.
The SF370 strain shows a broad range of prophage–
host genome interaction: from a fully inducible prophage
over biologically inactive, but apparently complete pro-
phage genomes to a prophage remnant that has lost
substantial amounts of the prophage genome and finally
isolated phage genes. This series of events fits with
theoretical predictions of the arms race between phage
and bacterial genomes (Desiere et al., 2001; Lawrence et
al., 2001). One might speculate that this pattern also
represents a time series. Under this view the inducible
prophage represents a recent prophage acquisition. The
inactive, but complete prophages resided already for
some time in the host genome that allowed them to
accumulate inactivating mutations (point mutations in
the replisome organizer and the portal protein genes,
insertion of foreign DNA elements into the prophage
genome). The prophage remnants might then represent
still more ancient acquisitions and may document differ-
ent stages of prophage DNA elimination (SF370.4 3
isolated integrase/repressor genes). That the prophage
remnant SF370.4 is not a recently acquired prophage
element is also suggested by the observation of a
closely related and similarly deleted prophage element
in a distinct S. pyogenes strain. A parsimonious hypoth-
esis is that the common ancestor of SF370 and Manfredo
contained already a prophage remnant in this genome
region. When further such data are available, one might
be in a position to compare the mutation rate in pro-
phage sequences with that in the flanking bacterial se-
quences.
Another aspect of the prophage remnant SF370.4 is
remarkable. Its size and genetic map resembles that of
three prophage remnants (bIL310, 311, 312) identified in
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the genome of L. lactis strain IL1403. All ended with the
phage integrase gene; all contained various repressor
genes, and two showed in addition evidence for residual
DNA replication genes (Chopin et al., 2001). Is there a
common sequence for prophage DNA loss proceeding
from the right (lysin) attachment site toward the left
(integrase) attachment site? Or is this an observation
bias due to a too small sample size or the fact that
integrase and repressor genes are easier to detect in
bacterial genome screens than tail fiber and lysis genes?
Whatever the reason, the analysis of more prophage
remnants from other bacterial systems will further con-
strain hypotheses on the postulated deletion system
which eliminates prophage DNA to maintain a stream-
lined bacterial genome size.
The comparison of the three complete S. pyogenes
SF370 prophage genomes demonstrated further genes
that are of possible selective advantage to the bacterial
host (hyaluronidase, DNase, toxins, mitogenic factors,
superantigens). Most of these genes were located down-
stream of the lysin gene. Notably, also prophages from
Staphylococcus aureus encoded possible virulence
genes at this genome position (two different combina-
tions of leukocyte toxins or an exfoliative toxin) (Kaneko
et al., 1998). Their peculiar genome location probably
reflects the acquisition of adjacent bacterial genes dur-
ing faulty excision processes of the prophage DNA from
the bacterial chromosome. In the case of the SF370
prophages these genes showed distinct GC content,
suggesting that they were acquired during passage of
the ancestor phages in a rare heterologous host of lower
GC content than lactic acid bacteria.
The presence of multiple prophage genomes in a
single bacterial strain provides interesting genetic flexi-
bility to the bacterial lysogen. If each prophage carries a
different set of virulence factor(s) as suggested by the
comparison of the available S. pyogenes prophage se-
quences, the pathogenic potential of a given S. pyogenes
isolate might be, at least partially, the result of the spe-
cific combination of prophages. This concept is espe-
cially useful to rationalize the clinical potential of protean
pathogens similar to S. pyogenes which covers a wide
range of clinical symptoms: from sore throat to scarlet
fever, from pyodermitis to severe forms of fasciitis (flesh-
eating bacteria), from invasive wound infections to se-
vere forms of toxic shock-like syndrome. A similar con-
cept has recently been proposed for S. typhimurium
where the variable assortment of prophages determined
the virulence of the bacterial strain in a mouse model
(Figueroa-Bossi et al., 2001). The loss of specific pro-
phages was linked with an attenuation of Salmonella in
mice (Figueroa-Bossi and Bossi, 1999). Reestablishment
of lysogeny resulted in the recovery of the virulence
properties of the Salmonella strains.
Phages are mobile genetic elements and can thus
quickly transfer specific virulence genes from one bac-
terial strain to another. It will be interesting to test
whether prophage acquisition can explain at least some
aspects of the highly dynamic epidemiology of S. pyo-
genes (Kaplan et al., 2001). For example, serotype M3
clinical isolates of S. pyogenes rapidly increased in Ja-
pan during 1992–1995, suggesting the expansion of a
single bacterial clone. By restriction landmark genomic
scanning, a DNA fragment was identified that distin-
guished recent M3 strains from the past strains. Notably,
by this method S. pyogenes prophage NIH1.1 was iden-
tified (Inagaki et al., 2000).
It thus appears that prophage acquisition is a major
mechanism driving the evolution of S. pyogenes and
probably a number of other bacterial pathogens (Ohnishi
et al., 2001).
The role of prophages for the lysogen might go beyond
the contribution of phage immunity and virulence genes.
The three prophages from S. pyogenes strain SF370
shared high DNA sequence identity over the putative tail
fiber genes and DNA sequence identity was even more
pronounced between inducible prophages from two dif-
ferent S. pyogenes lysogens (SF370.1 and NIH1.1). Re-
gions of DNA identity are sites for homologous recom-
bination between prophages. As a result, new chimerical
phages could emerge via a recombination between a
superinfecting phage and a resident prophage resulting
in a new combination of phage modules. In fact, S.
pyogenes prophages SF370.1 and NIH1.1 showed nearly
identical structural genes while they differed with re-
spect to early and lysogenic conversion genes, sugges-
tive of modular exchange reactions. Conversely, S. pyo-
genes phages T12 and 49 shared highly related lyso-
genic conversion genes, while they are unrelated over
the rest of the genomes (Yu and Ferretti, 1991). If homol-
ogous recombination occurs between two prophages
residing in the same lysogen, a rearrangement of the
bacterial genome could result.
The putative tail fiber gene cluster was shared be-
tween all three SF370 and the NIH1.1 prophages. This
conservation of tail fiber genes is not surprising since
these proteins establish the contact with the cell surface
of the bacterial host. Possession of the hyaluronidase in
all four prophages reflects the need to penetrate the
hyaluronic acid-containing bacterial capsule to achieve
absorption to the cell. With respect to the DNA packag-
ing/head and tail genes the three SF370 prophages
showed three unrelated gene clusters. Each of these
“alleles” represented a distinct lineage of structural mod-
ules: MM1-like and O1205-like pac-site Siphoviridae and
a r1t-like cos-site Siphovirus. Membership to an evolu-
tionary lineage was deduced from the fact that related
phages were identified in several different species of
lactic acid bacteria and since gradients of similarity were
detected. Such graded similarities are the hallmark of
evolutionary relationships. In addition, the degree of sim-
ilarity between two phage isolates correlated approxi-
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mately with the evolutionary distance separating the
bacterial hosts, suggesting some type of coevolution of
the phages with their lactic acid bacterial hosts. Similar
observations were made previously in comparative ge-
nome analysis of S. thermophilus phages (Bru¨ssow and
Desiere, 2001).
It has been argued that the driving force for the con-
servation of different lineages of head and tail morpho-
genesis modules was the difficulty for gene exchanges
in the context of extensively interacting proteins. When
comparing phages SF370.1 and MM1, nonconserved ma-
jor head genes were flanked by conserved DNA pack-
aging/scaffold genes on one side and conserved head-
to-tail joining genes on the other side. Similar observa-
tions were previously made when phages SF370.2 and
Tuc2009 (Desiere et al., 2001) or LL-H and phig1e (De-
siere et al., 2000) were compared. Apparently modular
exchange of a single gene is possible even within a set
of highly interactive structural phage proteins.
In the future, prophage genomics is likely to play an
important role in bacterial genomics. Prophage DNA is
apparently enriched for genes that play a crucial role for
the phenotype of the host cell. This role is not suggested
only by virulence factors encoded on the prophage ge-
nome. Microarrays demonstrated that prophage genes
are prominent within the group of host genes that expe-
rience a significantly changed transcription level after
physiological growth changes (temperature changes in
S. pyogenes) (Smoot et al., 2001) or planktonic vs biofilm
growth in Pseudomonas (Whiteley et al., 2001). Focusing
on prophage sequences in bacterial genomes might thus
lead to genes influencing important phenotypic differ-
ences between otherwise closely related bacterial
strains.
MATERIALS AND METHODS
All phage DNA sequences analyzed in the present
article were retrieved from the database. Nucleotide and
predicted amino acid sequences were compared to
those in the GenBank database (GenBank release 110).
Additional database searches have been conducted us-
ing BLAST and PSI-BLAST (Altschul et al., 1997) at the
NCBI and FASTA (Lipman and Pearson, 1985). The dot
plot matrix was calculated using DOTTER (Sonnhammer
and Durbin, 1995).
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